Nanowires (NWs) exhibit thermo-mechanical properties that are distinct from their bulk properties, and their understanding is critical for the reliability, manufacturability, and optimization of a wide range of devices consisting of NWs. Here, molecular-dynamics simulation reveals a rich size-temperature "phase diagram" for the mechanical response of a zinc-oxide NW under tension. For smaller diameters and higher temperatures, transitions are found from brittle cleavage to structural transformation-mediated brittle cleavage to ductile failure. Atomistic mechanisms of the unique nano-thermo-mechanical behavior are elucidated as a consequence of surface-structural relaxation, which in particular predicts spontaneous formation of a core/shell structure under tension. The nano-thermo-mechanical phase diagram resolves controversies between previous experiments and theory, and the predicted "intrinsic" core/shell structure may find device applications. Recent advances in nanomechanical experiments are revealing unique mechanical properties of nanowires (NWs) and nanopillars, which are distinct from their bulk counterparts.
Recent advances in nanomechanical experiments are revealing unique mechanical properties of nanowires (NWs) and nanopillars, which are distinct from their bulk counterparts. [1] [2] [3] A notable example is recent discovery of ductility in nanopillars made of nominally brittle materials below a critical diameter. [4] [5] [6] [7] Understanding such nanothermo-mechanical properties 8 is critical for the reliability, manufacturability, and optimization of a wide range of devices consisting of NWs. A prototypical example is zinc oxide (ZnO), for which various unique nanomechanical properties have been reported. 9, 10 For example, both experimental and theoretical studies have shown the stiffening of NW for smaller diameters. [11] [12] [13] Molecular-dynamics (MD) simulation has shown that [0001]-oriented ZnO NWs transform from wurtzite (WZ) to body-centered-tetragonal (BCT) structure under uniaxial tension, 14 which leads to unique fracture behavior. 15 Structural transformation to graphitic structure has also been predicted theoretically below a critical diameter. 16 However, none of these structural transformations has been observed experimentally, 15 and this controversy demonstrates the lack of our understanding of the mechanical properties of ZnO NWs.
A major unsolved problem is the size and temperature dependence of the failure behavior of ZnO NWs. For example, brittle cleavage has been observed experimentally, 15 while a MD simulation shows super-ductility. 17 A complete size-temperature "phase diagram" for the mechanical response of a ZnO NW under tension would be a valuable tool for understanding nanomechanical experiments and for better reliability and manufacturability of devices utilizing NWs. Here, MD simulation of [0001]-oriented ZnO NW under tension provides such a nano-thermo-mechanical phase diagram, which reveals transitions from brittle cleavage to structural transformation-mediated brittle cleavage to ductile failure for smaller diameters and higher temperatures. The phase diagram also explains why theoretically proposed structural transformations have not been observed in experiments, 15 and resolves the brittle vs. ductile controversy between experiments 15 and theory. 17 Furthermore, atomistic mechanisms of the unique nano-thermo-mechanical behavior are elucidated as a consequence of "incipient" surfacestructural relaxation, which exists even in the absence of tension, and in particular predicts spontaneous formation of "intrinsic" core/shell structures under tension, as opposed to extrinsic core/shell structures 18 constituted of different atomic species.
We perform MD simulation of a [0001]-oriented ZnO NW with six f01 10g sidewalls ( Fig. 1(a) ). The NW diameter is D ¼ 2.5, 5, and 10 nm, with an aspect ratio L/D ¼ 8 (L is the NW length). 19 The atomic positions are first relaxed by the steepest-descent method to obtain a local minimumenergy configuration, where period boundary condition is applied along the NW axis. Subsequently, NWs are slowly heated up to a target temperature and thermalized for 10 ps. In total, 11 samples are prepared for each diameter at temperatures ranging from 100 to 1400 K. Detailed information on the MD simulation is provided in supplementary material. 20 In particular, the interatomic potential 21 used in the MD simulation reproduces the contraction of Zn-O bonds near the ð01 10Þ surface of WZ crystal up to a depth of six atomic layers, which is in agreement with ab initio calculation results 22 (see Fig. S1 in Ref. 20) . The surface relaxation of the f01 10g sidewalls mentioned above leads to unique structural features of the NWs. To show these features, Figs. 1(b) and 1(c) visualize the change of surface bonds. Figure 1(b) is the top view of slipvector field of the smallest NW (2.5 nm in diameter). As described in supplementary material, the slip vector quantifies the displacement of atoms relative to their neighbors in the reference system (i.e., a system without defect), and contains information about the slip plane and Burgers vector. NW, where different levels of bond contraction are colorcoded. The outermost layer of the NW has the shortest bond length, which is colored black. The third-layer atoms have the 2nd shortest bond length (colored blue). The 3rd shortest bond length is colored green, and normal-length or elongated bonds are in red. From the slip-vector field and the bondnetwork structure, we can see that the first layer of atoms moves towards the inner core of the NW as a result of the bond contraction. At the same time, the atomic bonds in the next layer, which moves outward with less magnitude, are stretched. Similar behavior is exhibited for the subsequent atomic bilayers, i.e., the 3rd to 4th layers and the 5th to 6th layers, with less magnitude. This "incipient" core/shell structure, with a six-layer-thick shell of different symmetry from the core, will play a major role in the mechanical response of the NWs as shown below.
After 24 (i.e., the stress at which the NW fractures). The fracture strength increases from 8.5 to 15 GPa as the diameter of the NW decreases from 10 to 2.5 nm. The strength of the NW thus decreases by 43% as the diameter increases by four-fold. The slope of the stress-strain curve also changes systematically with the diameter. Young's modulus E h0001i is obtained by linear fitting of the stress-strain curve in the strain range of 0%-1%. 25 The calculated E h0001i is a decreasing function of the diameter: 129, 120, and 113 GPa for D ¼ 2.5, 5, and 10 nm, respectively. The calculated stiffening of NWs with decreasing diameter is in accord with previous theoretical and experimental observations, and can be explained by the larger ratio of the volume of the bond-contracted (and thus stiffer) outer shell to that of the normally bonded inner core (see Fig. 1(c) ). [11] [12] [13] We next study the effect of temperature on the stressstrain curve. The stress-strain curves of the smallest NW of diameter 2.5 nm at different temperatures between 100 and 1400 K are shown in Fig. 2(a) . Fracture strength decreases as the temperature is increased. Also, Young's modulus decreases by 12% (from 129 to 114 GPa) from temperature 100 to 500 K. The NW fails by cracking at strains of 9% and 7% at 100 and 500 K, respectively. At 600 K, the stressstrain curve exhibits a distinct feature, i.e., it is divided into 2 stages. The first stage is below strain 9%, and the second stage is between strain 9% and 12%. Similar two-stage stress-strain curves were observed in previous MD simulations. 14, 15 In spite of this unique behavior, however, the NW still fails by cleavage at 600 K, and the stress drops to 0 sharply at the failure strain. Above 1200 K, on the other hand, the stress gradually decreases at large strains but does not become 0, indicating the onset of ductility. Similar behavior is observed for NWs of diameter 5 and 10 nm. As shown in Figs respectively. The onset of ductility for D ¼ 5 nm is 1400 K, whereas the 10 nm NW still fails in a brittle manner even at the highest simulated temperature of 1400 K. It should be noted that at room temperature no simulated NW exhibits the two-stage stress-strain curve, in accord with existing experimental studies, thus resolving the previous controversies between experiments and theory mentioned before. 15, 17 Especially, ZnO NW exhibits both brittle and ductile behaviors, as well as the two-stage stress-strain relation, depending on the size and temperature. The mechanical response of ZnO NW is a sensitive function of the size and temperature, and comparison between experiment and theory must be made carefully at equivalent conditions.
In order to understand the atomistic mechanisms underlying the two-stage stress-strain curves in Fig. 2 , we analyze the atomic configurations of the NW before and after the transition to the two-stage stress-strain behavior. Figure 3 shows slip-vector fields and atomic structures during the ascending part of the second stage in the stress-strain curve for diameter 5 nm at temperature 1000 K. Fig. 3(a) is the top view of the slip-vector field, and Fig. 3(b) is the side view of a 1.5 nm slab marked by black dashed lines in Fig. 3(a) . Figure 3(a) shows that atoms in the outermost layer (with the shortest bonds) move radially on the (0001) plane, while the second-layer atoms move axially along the [0001] direction with a larger magnitude. Similar behavior is observed for the 3 rd and 4th layers as well as for the 5th and 6th layers. These six surface layers correspond to those in the incipient shell in the initially relaxed NW (Figs. 1(b) and 1(c) ). In the inner core of the NW, in contrast, the radial movements of the odd-numbered layers are disordered, while the vertical movements of the even-numbered layers are still pronounced. The corresponding atomic bond structures are shown in Figs. 3(c) and 3(d) , which respectively show the top and side views. In Fig. 3(c) , the shell loses the hexagonal (HX) symmetry of the original WZ crystal. In Fig. 3(d) , the shell atoms form alternating 8 -and 4-atom rings, instead of the 6-atom rings in WZ, which is a consequence of the alternating layer-by-layer bond-length contraction and elongation under tension explained above. This structural transformation in the NW shell under tension is identical to the WZ-to-BCT transformation reported in previous simulations. 14, 15 As for the inner core structure, it still retains the original HX symmetry in the (0001) plane and the [01 10] direction. With its characteristic atomic movements (every even layer moves axially), the core forms a graphite-like structure reported in a tensile test along the [0110] direction. 16 Our simulation thus predicts spontaneous formation of a core/shell structure under tension. This structural transformation is accompanied by a large stress relaxation, resulting in the two-stage stress-strain response. Similar NW failure mediated by structural transformation has been reported for SiSe 2 . 26 It should be pointed out that the "intrinsic" core/shell structure here (as opposed to extrinsic core/structures constituted of heterogeneous atomic species 18 ) originates directly from the incipient core/shell structure in the unstretched NW shown in Fig. 1 .
It is worth mentioning that the surface-structural relaxation induced mechanical response is most pronounced in thin NWs. For example, the volume ratio of the shell to the inner core is 8/1 for D ¼ 2.5 nm, and is 1/2 for D ¼ 10 nm. The ratio becomes smaller for larger diameters, where the intrinsic core/shell effect is less significant. In addition to the temperature effect explained above, this size dependence may partially explain existing controversies between experiment and theory. 15 Furthermore, the origin of the core/shell mechanism suggests that it should be sensitive to surface functionalization. In order to understand the second transition at a higher temperature, we again use the slip-vector analysis, which can distinguish whether the NW fails by cleavage fracture or ductile failure (i.e., whether the initial event responsible for the failure is the nucleation of a crack or a dislocation). 5 If the vector displacement relative to the reference system with no defect (same direction as Burgers' vector) is parallel to the slip plane, it corresponds to a dislocation. On the other hand, vector displacement predominantly perpendicular to a plane signifies mode-I crack opening. It should be noted that the crack initiates in the inner core of the NW and then propagates to the stiffer bond-contracted shell. A similar core/shell model has been proposed for explaining the size-dependent Young's modulus, [11] [12] [13] and our simulation results show that the core/ shell structure essentially dictates the failure mode of the NW. The slip-vector field in Fig. 4(b) shows that the NW fails in a ductile manner at 1000 K, where the vectors deviating from the [0001] direction indicate mixed-mode fracture. The corresponding snapshots of atomic positions in Figs. 4(e) and 4(f) show necking, which is a signature of ductile failure.
The above analysis confirms the existence of brittle-toductile transition (BDT), 4, 5 in addition to the surface-mediated structural transformation under tension as described before. For example, the structural transformation occurs at 600 K, followed by BDT at 1000 K, in the smallest NW (D ¼ 2.5 nm). Figure 5 summarizes the size-dependence of the two transformation temperatures. This size-temperature phase diagram can be used to understand nanomechanical experiments on ZnO NWs.
In summary, MD simulation reveals rich sizetemperature dependence for the mechanical response of ZnO NW under tension, resulting from the intrinsic core/shell structure, which in turn originates from the incipient core/ shell structural motifs due to surface relaxation of unstretched NW. The resulting size-temperature phase diagram shows transitions from brittle cleavage to structural transformation-mediated brittle cleavage to ductile failure for smaller diameters and higher temperatures. This nanothermo-mechanical phase diagram resolves several controversies between previous nanomechanical experiments and theory, and is expected to help design and understand nanomechanical experiments. Furthermore, the predicted intrinsic core/shell structure may find device applications due to different mechanical (and possibly electronic) properties of the The circles and crosses denote response without and with structural transformation, respectively. The squares denote ductile failure, otherwise, the fracture is brittle.
BCT shell and HX core, along with their atomically sharp interface.
This work was partially supported by DOE-BES (simulation of size-temperature phase diagram)/EFRC (core/ shell structural analysis). Simulations were performed at the University of Southern California using the 20925-processor Linux cluster at the High Performance Computing Facility.
